Nitrate reducing activity (NRA) is known to be mediated by microaerophilic to anaerobic bacteria and generally occurs in the sub-surface waters. However, we hypothesize that NRA could become prominent in the surface waters during upwelling. Hence, we examined nitrification and nitrate reduction along with hydrographic and environmental parameters off Trivandrum and Kochi, south-west-India in June 2010. Shoaling isolines of temperature, density, and nutrients revealed the onset of upwelling off Trivandrum. Shoaling of these signatures was absent in the northern transect off Kochi. The degree of nutrient consumption (DNC) was low emphasizing the presence of newly upwelled water off Trivandrum. A significant increase in NRA (df = 1, p < 0.05) was observed off Trivandrum than at Kochi. Moreover, as hypothesized, NRA at Trivandrum was pronounced at the surface with a maximum rate of 0.85 (± 0.02) µmol L -1 h -1 nearshore which was ~29x higher than at Kochi. Further, an inverse relationship between NRA and NO 3 -concentration (n = 34, r = -0.415, p < 0.01) suggested transformation of the upwelled nutrient. Nitrification/NRA was ~10x lower at 0.28 off Trivandrum indicating a discernible shift towards reduction. Such contribution from bacterial activity could be a response towards restoration of homeostasis.
Introduction
Upwelling is a process which occurs in three sequential stages -(1) the offshore transport of surface water and its replacement by cold, nutrient rich sub-surface water (Krishna, 2008) (2) the productive phase wherein an increase in phytoplankton standing stock (Sawant and Madhupratap, 1996; Habeebrehman et al., 2008) occurs due to nitrate and ammonium uptake while enhanced bacterial production (Carvalho and Gonzalez-Rodriguez, 2004 ) is a result of heterotrophic carbon assimilation and (3) the oligotrophic relaxing or waning phase which results in nutrient depletion accompanied by decrease in phytoplankton biomass (Rodriguez et al., 1992) . In the Indian Ocean region, the main upwelling zone is located along the Somali coast in the western Arabian Sea (Schott and McCreary, 2001 ). The south-west coast of India also experiences seasonal upwelling during the summer monsoon (June-September). Analyses of hydrographic characteristics have revealed the presence of strong upwelling signatures off the southern tip of the Indian peninsula by May which progress towards the north with time (Antony and Unnikrishnan, 1987) . The upwelling phenomenon along the south west coast of India is highly localised with different forcing mechanisms operating at various latitudes. These are longshore wind stress, coastally trapped Kelvin waves and the offshore propagating Rossby waves (Smitha, 2010) .
Until now, some of the upwelling related studies in the coastal Arabian Sea have focused on observing hydrographic signatures to delineate the process (Muraleedharan and Prasannakumar, 1996; Jyothibabu et al., 2008) , the commencement and cessation of upwelling (Antony and Unnikrishnan, 1987) and, biological response to physical and chemical changes in the environment (Madhupratap et al., 1990; Jyothibabu et al., 2008; Habeebrehman et al., 2008; Subina et al., 2012) . So far, very little attention had been given to appreciate the contribution made by bacteria and the different geomicrobial processes they mediate. In the microbial grid of interactions, the nitrogen (N) cycle is an important hub as far as upwelling is concerned as transformation of the element into various oxidation states can affect key ecosystem processes such as decomposition and primary production. Nitrogen is one of the main limiting nutrients in the oceans (Dufour et al., 1999) . Increased concentration of NO 3 -from upwelled waters in the euphotic zone supports higher primary production which in turn could cascade to the tertiary trophic level. Moreover, low-oxygen (minimum values close to the hypoxic threshold of 1.4 mL L −1 ) (Roegner et al., 2011) and high NO 3 -content (typically between 5 and 15 µmol L -1 ) in freshly upwelled waters (Smith and Codispoti, 1980) has a potential to induce occurrence of alternate respiratory pathways like denitrification. As upwelling progresses, nutrient draw-down results in an N deficit in the water column. During the waning stage of upwelling, a rapid depletion of oxygen in the coastal waters due to degradation of high phytoplankton biomass could further intensify dissimilatory pathways in the N cycle i.e. nitrate reduction and denitrification. Though a few reports on N transformations are available from upwelling regions elsewhere (Alvarez-Salgado et al., 1996; Chen et al., 2004; Kuypers et al., 2005; Sohm et al., 2011; Fernandez and Farías, 2012) , there is a lack of information from the Indian Ocean region.
In this study, we focused on the first of the three sequential phases of upwelling. We aimed to understand the following (i) delineating the characteristics and intensity of upwelling in the waters off Trivandrum (southern-most location) during June, 2010 and compare it with Kochi located towards the north (ii) to understand whether nutrient draw-up during upwelling causes a discernable shift towards reduction in the N cycle i.e. nitrate reduction activity prevails over nitrification (iii) examine the environmental factors influencing the dominant process (nitrification v/s nitrate reduction) in freshly upwelled waters and most importantly (iv) to verify the hypothesis that nitrate reducing activity (NRA) could become prominent even in the surface waters during upwelling. Hydrographic observations in the present study indicated the commencement of upwelling off Trivandrum and its absence off Kochi. The pre-dominance of NRA in the waters off Trivandrum strengthens our hypothesis of a discernable shift towards reduction in the N cycle and its spread in the surface waters. Though previous research has shown the dominance of NO 3 -reduction in upwelled waters, we have been able to delineate the microbial contribution to such a shift in response to changes in the water column chemistry for the first time.
Methods

Study area and sampling
Stratified water column sampling was carried out along two cross shelf transects located off Trivandrum and Kochi, south-west coast of India ( Fig. 1 ; Table S1 ). Water samples were collected using 
Microbiological studies
Bacterial productivity (BP) was determined by the incorporation of the nucleoside 3 H-thymidine into bacterial DNA (Smith and Azam, 1992) . Seawater was collected in sterile polycarbonate bottles.
Filtered samples (1.5 mL) were spiked with , BARC, Mumbai) and incubated under in situ conditions in the dark on deck for 2 h. Concentrations in kinetic experimental set up showed that isotopic dilution was negligible when using 10 nM thymidine. TdR incorporation was terminated by addition of 5% TCA (Trichloroacetic acid). The samples were kept at 4 °C for 30 min prior to centrifugation. The tubes were centrifuged for 10 min at 16000 xg after which the supernatant was pipetted and discarded. The pellet was washed with 5% TCA and vortexed briefly. Centrifugation of washed samples was repeated followed by removal of the supernatant. A 500 µL volume of scintillation cocktail was added to the samples which were left to stand overnight. The method of Hobbie et al. (1977) was used for the enumeration of total bacterial cells (TC) by epifluorescence microscopy. An aliquot of 5 mL water sample was fixed using 250 µL of buffered formalin (2% final concentration). Aerobic viable cells (TVC_a) and anaerobic viable cells (TVC_an) were enumerated separately according to Kogure et al. (1984) . Five millilitres of seawater samples for TVC_a analysis were amended with 0.001% final concentration of yeast extract and 0.0016% final concentration of antibiotic cocktail solution containing piromedic, pipemedic and nalidixic acid which were in the ratio 1:1:1. Samples were incubated statically in the dark for 6 h. For enumerating TVC_an, in addition to yeast extract and antibiotic cocktail, Na 2 S 9H 2 O was added as a reductant at a final concentration of 0.125% (LokaBharathi et al., 1999) before incubation. At the end of the incubation, all the aliquots were fixed with 2% buffered formalin. For TC and TVC, one mL of sub-sample was filtered over a 0.2 µm black Isopore polycarbonate filter paper (Millipore Corp., MA, USA) and stained with acridine orange (final concentration 0.01% w/v). The samples were incubated for 2 min and then filtered. At the onshore laboratory, bacterial cells retained on the filter papers were counted using Nikon 50i epifluorescence microscope equipped with a 100X oil immersion objective. Cells were counted from 10-100 microscopic fields and were expressed as cells L -1 .
We adopted a cultivation-based approach to enumerate the abundance of total heterotrophic bacteria (THB). Such an approach suffers from well-accepted problems like incubation conditions, slow growth of organisms, low retrievability, etc. However, it has been shown that in coastal waters having considerable dissolved organic carbon levels, bacterial species able to form colonies on solid media dominant the bacterioplankton community (Simu et al., 2005) . Hence, they can be grown to a detectable level to ascertain their presence in the environment. The THB were thus enumerated on medium prepared using seawater amended with 0.1% nutrient broth (HiMedia Laboratories Ltd., India). After dissolution of the broth, pH of the medium was adjusted to 8.2. Agar at a final concentration of 1.5%
was then added before autoclaving. A 20 µL inoculum was used to spread plate on to the set nutrient agar plates. The plates were incubated at room temperature (28 ± 2 °C) for 5 days. Bacterial counts were taken as colony forming units (CFU) L -1 .
Nitrifiers were enumerated by the most probable number (MPN) method of Alexander and Clark (1965) . Five mL of Winogradsky's medium (Rodina, 1972) containing NH 4 Cl at a final concentration of 2 mM (Krishnan et al., 2008) was dispensed in sterile 15 mL screw capped tubes. One mL sample was inoculated in triplicate in the nitrifying medium to yield a 10 -1 dilution. Subsequent dilutions (up to 10 -8 )
were prepared in triplicates. The culture tubes were incubated in the dark for a period of 15 days at 28 ± 2 °C. After incubation, the tubes were tested for the presence of NO 2 -and/or NO 3 -. The combinations of positive and negative tubes were scored and MPN was assessed from McCready's table (Rodina, 1972) .
Numbers of nitrate reducing bacteria (NRB) were also enumerated by the most probable number (MPN) technique. The culture medium was prepared using substrates required for the growth of denitrifying bacteria as suggested by Michotey et al. (2000) and Fernandes et al. (2013) . The final concentration of NO 3 --N in the medium was 40 µmol L -1 . Culture vials (22 mL) were filled with the medium almost to the brim to maintain microaerophilic conditions. With the addition of innocula in 1 mL aliquot, the vials were filled to the brim. The tubes were thus inoculated in triplicates at each dilution up to 10 -10 . The culture tubes were sealed with butyl stoppers and incubated in the dark at 28 ± 2 °C for one week. Positive tubes were scored based on NO 3 -consumption and the MPN was assessed as described earlier. Nitrifier and NRB counts have been expressed as MPN cells L -1 .
Biological analysis
Particulate matter retained on a Whatmann GF/F, 0.7 µm pore size, after filtering 1 L seawater was used for pigment (chlorophyll a and phaeopigments) analysis. To extract the pigments, the filters were placed into 15 mL screw-top tubes and treated with 10 mL of 90% acetone. After a period of 24 h in darkness at -20 ºC, the extract was measured fluorometrically (UNESCO, 1994) . The samples were acidified to degrade the chlorophyll to phaeopigments (i.e. phaeophytin). The readings before and after acidification were then used to calculate concentrations of both chlorophyll a (Chl a) and phaeopigment.
For the analyses of phytoplankton abundance, 250 mL of seawater was preserved with Lugol's iodine (1% final concentration). Samples were then concentrated to 20 mL using settling and siphoning procedure. Abundance of phytoplankton species were enumerated in 1 mL of sample (in duplicate) using a Sedgwick-Rafter chamber mounted onto an Olympus Inverted Microscope (IX51, Japan; 200-400 X magnification). The phytoplankton abundance is expressed as cells L -1 .
Samples for mesozooplankton were collected using a vertically operated multiple plankton net system (Hydro-Bios, Germany; mouth area 0.25 m 2 , mesh width 200 μm) equipped with an inbuilt flow meter and electronic depth sensor. Samples were preserved using 4% borax buffered formaldehyde.
Prior to analysis, the samples were split using a Folsom's splitter and then examined under a stereozoom microscope (Nikon; SMZ1000; 80x). The mesozooplankton abundance is expressed as individuals per cubic meter. 
Degree of nutrient consumption
where, the constant 0.7 is a conversion factor between Chl a (in µg L -1
) and inorganic nitrogen (in µmol
The rationale behind the above equation described by Chen et al. (2004) is that sub-surface or newly upwelled waters contain little or no Chl a resulting in low DNC. On the other hand, the DNC is ≈1 after most nutrients are converted to organic form (Chl a) in the euphotic zone.
Net nitrification and nitrate reduction rate measurements
To measure net nitrification rates, 10 mL seawater sample was dispensed in 15 mL screw cap tubes. The samples were amended with 10 mmol L -1 sodium chlorate to inhibit the oxidation of nitrite (Gilbert et al., 1997) . Triplicates were maintained at each time interval of 0, 1.5 and 3 h. The tubes were incubated in the dark and at room temperature. Incubations were terminated using HgCl 2 at a final concentration of 10 mmol L -1 . The tubes were gently swirled to mix the contents. Nitrification rate was determined from the linear production of NO 2 -over time. The activity has been expressed as µmol L -1 h -1 .
For determining nitrate reduction, the first step in the denitrification pathway, seawater samples were dispensed in sterile 22 mL glass vials that were filled almost up to the brim to minimize the diffusion of oxygen from the headspace. The samples were amended with allythiourea at a concentration of 86 µmol L -1 to inhibit nitrification (Ginestet et al., 1998) . The vials were capped with butyl stoppers and the contents were gently mixed by inverting. The waters off Trivandrum and Kochi had measurable dissolved oxygen content and heterotrophic nitrate reduction was not likely to be deterred by the presence of oxygen (LokaBharathi et al., 1992) . Thus, microaerophilic conditions in the vials would not hamper the occurrence of NRA if it was present in situ. Triplicates were maintained at each incubation time interval of 0, 1.5 and 3 h. A short incubation period was maintained as our preliminary experiments have shown the inhibitor to be effective for up to 3 h. The vials were incubated under static conditions at room temperature and in the dark. At the end of the incubation period, reactions were terminated using HgCl 2 as described above and the tubes were gently inverted to mix the contents. NRA was determined from fall in NO 3 -concentration over time and the rate has been expressed as µmol L -1 h -1 .
Statistical analyses
Significant differences in nitrification and NRA at both the locations were analysed using analysis of variance (ANOVA) in Analysis tool pack (Microsoft Excel). As, NRA was more pronounced in the upwelled waters off Trivandrum, Pearson's correlation coefficients were used to assess one-to-one relationship between NRA and environmental parameters. Bacterial numbers were log 10 transformed before analysis. Significant relationships have been plotted using Cytoscape 2.6.3 software analyses were visualized as a bi-plot (Catell, 1966; Gabriel, 1971 ).
Results
Hydrography
Physico-chemical signatures (Figs. 2 a-j) clearly indicated upwelling off Trivandrum during the early monsoon period and its absence along the northern transect off Kochi (Figs. 3 a-j). At Trivandrum, prominent signatures providing evidence for the prevalence of upwelling were based on the sea surface temperature anomaly, notably shoaling of the thermocline ( Fig. 2a) and occurrence of denser waters at shallower depths towards the coast (Fig. 2b) . Movement of seawater with lower pH ranging from 7.9 -8 from the deeper offshore water towards the coast was also noticed off Trivandrum (Fig. 2d ). This pattern in pH distribution was absent off Kochi. Dissolved oxygen profiles showed prevalence of low levels of oxygen (≤ 1 µmol L -1 ) in a major part of the sampling area. This low oxygen zone was widespread and extended from a depth > 150 m at the offshore location to about 25 m in the nearshore location ( Fig. 2e ).
At Kochi, low oxygen-containing waters were observed towards the offshore locations at > 50 m depth ( Trivandrum than at Kochi.
Microbiological studies
Bacterial productivity at both locations was maximum at the nearshore sampling sites and decreased with distance from the coast. At Trivandrum a maximum of 32.00 ± 0.94 pmol L -1 h -1 was recorded in the surface waters at station 1 (Table 1) . At Kochi, the productivity varied from 0.06 ± 0.01 to 7.56 ± 0.22 pmol L -1 h -1 (Table 2) .
Though the bacterial productivity off Trivandrum was higher as compared to Kochi, number of bacterial cells (TC) were significantly higher (ANOVA, df = 1, p < 8. (Table 1 and 2). The nitrifiers were significantly higher at Trivandrum (df = 1, p < 2.74 x 10 -8 ) (Table 1 ) than at Kochi (Table 2) . A significant difference in NRB abundance was also recorded between both sites (df = 1, p < 0.005) as their abundance off Trivandrum varied between 10 6-10 MPN cells L -1 while at Kochi they varied from 10 7-10 MPN cells L -1 (Table 2) .
Biological parameters
The concentration of chlorophyll a and phaeopigments were generally higher towards the coast at Trivandrum and Kochi decreasing to < 1 µg L -1 at the offshore locations (Fig. 4) . . In comparison, the maximum phytoplankton abundance at Kochi was ~ 3x lower ( Fig. 5) .
At both locations, the phytoplankton were most abundant towards the coast. The mesozooplankton were up to 12x higher at Kochi (max. 528 ind. m -3 ) as compared to Trivandrum with higher numbers being observed even in the offshore locations (Fig. 5) .
Degree of nutrient consumption
The DNC values in the waters off Trivandrum were < 1 ranging from non-detectable levels to 0.57 (Table 1) .
Activity measurements
Nitrate reducing activity off Trivandrum was significantly higher (df = 1, p < 0.05) occurring up to 29x higher as compared to Kochi. Nitrification rates generally decreased with depth varying from 0.02 (± 0.00) µmol L -1 h -1 at station 1, 25 m to 0.32 (± 0.12) µmol L -1 h -1 at the same depth in station 5 (Fig. 6 ). No significant differences in spatial variability of nitrification were observed at both locations.
NRA also exhibited a decreasing trend with depth and distance from the coast. Highest activity of 0.85 At Kochi, there was no clear difference in nitrification or NRA. Interestingly, nitrification activity at the offshore locations (stations 5 & 6) were below detectable levels (Fig. 6 ). The highest nitrification and NRA activity of 3.49 (± 1.86) µmol L -1 h -1 and 3.24 (± 0.05) µmol L -1 h -1 respectively were recorded at ≥ 25 m in station 2.
Environmental controls on NRA in upwelled waters
We used PCA to understand the extent of influence of environmental variables on NRA in upwelled waters. Based on eigenvalues (> 1) and the variability explained by each factor, the first eight factors were selected from the PCA (Pearson type; correlation bi-plot) analysis. These factors accounted for 82.7% of the cumulative variability (Table S2) . Factors 1 and 2 explained 33.79 and 12.68% of the total variance respectively. Our data showed that variables viz., depth, temperature, density, pH, NO 3 -, PO 4 -SiO 2 , Chl a, phaeopigments and phytoplankton abundance were correlated to the first component (PC1). NRA, NH 4 + concentration, bacterial productivity, TVC_a and mesozooplankton abundance ( Fig.   8a ) had positive coordinates along the PC1 axis, which emphasized the clear cluster they made.
Nitrification had positive values on PC1 and PC2 axis while all nutrients had negative values on PC2.
A good discrimination of the sampling points in relation to distribution of environmental variables was observed (Fig. 8b) . It can be clearly observed that the nearshore sampling points (station 1 & 2) exhibiting elevated NRA and bacterial productivity were positively correlated to PC1 and grouped together. The sampling point at 25 m in station 5 was characterized by maximum nitrification activity as seen in the PCA plot ( Fig. 8a and b) .
Discussion
The Arabian Sea represents a dynamic ecosystem that is characterized by physico-chemical and biological variability governed by monsoon-driven circulation. Upwelling along the south-west coast of India has been recorded to occur during the summer monsoon (Sarma, 1966; Lathipha and Murthy, 1985; Maheswaran, 2000) . Therefore, in June 2010, we conducted water sampling off Trivandrum and Kochi anticipating upwelling signatures in these waters. The results presented here attest the onset of upwelling off Trivandrum during the early monsoon period and its absence along the northern transect off Kochi. Sub-surface isolines of hydrographic signatures like temperature, density, nitrate, phosphate and silicate across the shelf off Trivandrum exhibited gradual shoaling/upsloping towards the coast (Figs. 2a, b , h, i and j) which is consistent with active upwelling. The vertical thermal structure off Trivandrum exhibited fine upsloping of isotherms towards the coast which is evident from the nearshore sea surface temperature being ~3.88 ºC lower than the furthest offshore station. Upsloping of isopycnals within 150 m were also observed to occur towards the coast. Upwelling is responsible for transporting higher salinity deeper water to the surface. However, in the present study, we recorded lower saline waters towards the coast (Fig. 2c) . The formation of a low salinity layer in the nearshore locations off Trivandrum could be attributed to precipitation over the area during the sampling period accompanied by freshwater influx through land runoff. Other than upsloping in isolines of nutrients like phosphate and silicate, shoaling in the isolines of NO 3 -was also prominent off Trivandrum. The NO3 − concentrations in surface waters (< 15 m) was < 8 μmol L -1 which is indicative of its uptake by the microbial/phytoplankton community. The distribution of biological variables also appeared to be influenced by physical forcing. The
Chl a values recorded in the waters off Trivandrum were higher (Fig. 4) as compared to Kochi especially towards the nearshore region indicating development of an active phytoplankton community.
Though no significant difference in the abundance of the phytoplankton was observed between the two locations ( Fig. 5) , the phaeopigment concentration in the waters off Trivandrum was much higher (df = 1, p<0.05) as compared to Kochi, more so towards the coast (Fig. 4) . Upwelling propelled nutrient injection into the euphotic zone, phytoplankton production and pigment degradation appear to follow a sequential pattern in the nearshore region. This region also exhibited bacterial productivity of up to 32 ± 0.94 pmol L -1 h -1 (Table 1) which is 10x higher than values reported from the south west coast of India during the summer monsoon (Ramaiah et al., 1996) . This observation is in agreement with earlier findings that have shown occurrence of highest bacterial production rates in the initial stages of growth and during the decline of primary production (Carvalho and Gonzalez-Rodriguez, 2004) .
Microbial processes regulate the availability of nutrients in the marine environment by balancing extraneous input, remineralization and removal. Coastal upwelling has a significant impact on ecosystem functioning as an episodic supply of nutrients to the euphotic zone can stimulate a rapid increase in phytoplankton abundance. It can also increase competition between phytoplankton and bacteria for nutrient uptake. So far, the role of bacteria in mediating biogeochemical processes in the Arabian Sea upwelling zone have not been fully understood. To gain a deeper insight into inorganic N transformations in upwelled and non-upwelled waters, we probed two components of the N cyclenitrification and NRA. The reductive pathway is often enhanced following pulses of NO 3 -enriched water (Caffrey et al., 2003; Fernandes and LokaBharathi, 2011) . In upwelled water off Trivandrum, a similar situation was encountered. Our data showed marked increase in NRA over nitrification (except at station no. 5 where nitrification was pre-dominant) with a maximum of 0.85 (± 0.02) µmol L -1 h -1 recorded in the surficial nearshore waters (Fig. 6 ). This rate was ~ 29x higher than the maximum rate recorded in the non-upwelled waters off Kochi. Fernandez and Farías (2012) have observed NO 3 -uptake rates that were 5 times higher during upwelling than the non-upwelling. The NO 3 -reduction rates reported here are also far greater than those in the Peruvian, Costa Rican and Chilean upwelling system (Franck et al., 2005; Fernández et al., 2009; Fernandez and Farías, 2012) which never exceed > 0.1 µmol
Nitrate reduction is generally mediated by facultative anaerobes. Under non-upwelling conditions, we anticipate NRA to be more pronounced in deeper waters where favourable conditions persist due to low-oxygen levels and substrate availability from the benthic environment. Interestingly, our study has shown NRA to pervade to the surface off Trivandrum (Fig. 6 ) as a result of upwelling.
Earlier observation by LokaBharathi et al. (1988) have also shown that lithotrophic nitrate-reducers isolated from the nearshore and surface waters in the Arabian sea exhibit higher activity as compared to those from offshore or deeper waters. In oxygen-poor waters, nitrification can act as a crucial link between regenerated N and it's loss via denitrification/anammox. Though the oxidative phase of the N cycle was lower in occurrence than the reductive phase at Trivandrum, nitrification values reported in the present study are about an order higher than in other upwelling systems (Fernandez and Farías, 2012) . At Kochi, nitrification activity was more pronounced towards the coast (Fig. 6 ). No major difference between nitrification and NRA activity was observed at Kochi implying efficient N cycling and the prevalence of homeostasis in the aquatic system.
As NRA prevailed over nitrification in upwelled waters, we used statistical tools to understand the influence of environmental variables on the process. Oxygen concentration (Davies et al., 1989) , NO 3 -availability, concentrations of dissolved organic carbon content and nitrate reducing bacterial community (Koike and Sørensen, 1988; Bowles et al., 2012) have been cited as some of the variables governing NO 3 -removal rates in marine systems. Pearson's correlation analysis carried out in the present study revealed an inverse relationship between NRA and NO 3 -concentration (Fig. 7b ) which is suggestive of more elevated rates of nutrient removal off Trivandrum than at Kochi. A decrease in NRA with depth was also observed at this location which strengthens our observation that NRA pervades the surface waters during upwelling. It also suggests enhancement of microbially-mediated NO 3 -uptake which could be stimulated by the presence of low oxygen-containing deeper waters in the euphotic zone.
NRA therefore appears to be more dependent on NO 3 -drawn up the shelf during upwelling rather than its intrinsic production through nitrification.
In this study, PCA was used to understand the combined influence of environmental factors on upwelling pulses, while low ammonium concentrations were maintained by coupling between regeneration and uptake. In reduced environments, a strong coupling between nitrification and denitrification pathways has been suggested (Fernandes et al., 2012) . In the coastal Arabian Sea, oxygen-deficient conditions support high productivity driven coupling between nitrification and denitrification (Krishnan et al., 2008) . Ammonium is an important substrate for nitrification as it is oxidized to NO 2 -during the first step of nitritation. However, at Trivandrum, nearshore NO 3 -concentration at station 1 & 2 were ~ 2x higher than that of NH 4 + (Fig. 2) . This would have caused a pronounced increase in denitrifying activity in order to modulate excess nutrient level (Fernandes et al., 2010; Fernandes and LokaBharathi, 2011) within the aquatic system. A low ratio (0.28) of nitrification over NRA (Table 3) in the nearshore locations off Trivandrum strengthens our inference on the possibility of a shift towards reduction in the N cycle even as early as the onset of monsoon. This ratio is higher than other nearshore reducing systems e.g. surficial mangrove sediments (Fernandes et al., 2012) where nitrification/NRA varies from 0.03 -0.07.
Bacteria displaying particular physiological properties (nitrifiers, nitrate reducers and even general heterotrophs) play a key role in maintaining homeostasis in aquatic ecosystems. Heterotrophic bacteria for example, contribute highly to organic matter decomposition and transformation. Their activities could be limited by the amount of substrate available (Murrell, 2003) e.g. the activity of denitrifiers is limited by the amount of NO 3 -available (Fernandes and LokaBharathi, 2011) . In the present study, statistical analyses did not reveal any relationship between NRA and abundance of bacterial groups (Fig. 7a , Table S1) indicating that they do not limit the activity. It may be noted that interpretation of the patterns of PCA data are based on the first two components of the PCA since these components explained almost 46% the variation. This implies that there are other factors that are important in explaining the patterns seen but not included in the analysis. For example, nitrate reduction could be more dependent on the specific activity of the bacterial community capable of NO 3 -removal. In anoxic mangrove sediments, a similar observation has been made by Fernandes et al. (2012) wherein no correlation between denitrifier abundance and their activity was observed indicating that denitrification was more dependent on the specific activity of the denitrifying community.
Though our experiments were setup exclusively under microaerophilic and dark conditions to enable measurement of nitrate removal by bacteria, some uptake of the nutrient by phytoplankton cannot be completely ruled out. Phytoplankton blooms typically peak 4-6 days after initiation of upwelling (Wetz and Wheeler, 2004) . When ambient concentrations of nitrate are significantly higher than those of ammonium, most of the nitrate uptake has been attributed to heterotrophic bacteria (Middelburg and Nieuwenhuize, 2000) . A similar scenario could be occurring off Trivandrum which is characterized by higher bacterial productivity and nitrate concentrations in the nearshore region. Here, bacterial transformation of nitrate might be exceeding its uptake by phytoplankton during the initial stage of upwelling. Thus, bacteria could be playing important roles as moderating agents facilitating phytoplankton development (Carvalho and Gonzalez-Rodriguez, 2004) in freshly upwelled waters.
Conclusion
Hydrographic measurements revealed the onset of upwelling off Trivandrum and it's absence off Kochi. Low DNC values off Trivandrum reflected the initial phase of the phenomenon. Besides, Trivandrum was marked by elevated NRA than nitrification. A decrease in NRA with depth was also observed strengthening our hypothesis that nutrient draw-up during upwelling causes the process to pervade surface waters. Consequently, the process is not restricted to the sub-surface re-iterating our earlier observations that the activity is strongly governed by the ambient NO 3 -concentration (Fernandes and LokaBharathi, 2011) . Statistical analysis showed that intrinsic ammonification and nitrification have a minor role. The fall in level of NO 3 -in newly upwelled water at the surface can not only be attributed to uptake by phytoplankton but also to vigorous reduction by bacteria. These responses of bacteria underline their integral role in the maintenance of holistic systems. Such re-conditioning of upwelled water by microbial activity could be a pre-requisite for restoring the homeostasis and initiation of primary production that is eventually important for the tertiary trophic level. 
